Abstract Obese Black women are at increased risk for development of gestational diabetes mellitus and have worse perinatal outcomes than do obese women of other ethnicities. Since hsp72 has been associated with the regulation of obesity-induced insulin resistance, we evaluated associations between glucose ingestion, hsp72 release and insulin production in Black pregnant women. Specifically, the effect of a 50-g glucose challenge test (GCT) on heat shock protein and insulin levels in the circulation 1 h later was evaluated. Hsp27 and hsp60 levels remained unchanged. In contrast, serum levels of hsp72 markedly increased after glucose ingestion (p=0.0054). Further analysis revealed that this increase was limited to women who were not obese (body mass index <30). Insulin levels pre-GCT were positively correlated with body mass index (p = 0.0189). Median insulin concentrations also increased post GCT in non-obese women but remained almost unchanged in obese women. Post-GCT serum hsp72 concentrations were inversely correlated with post GCT insulin concentrations (p=0.0111). These observations suggest that glucose intake during gestation in Black women rapidly leads to an elevation in circulating hsp72 only in non-obese Black women. The release of hsp72 may regulate the extent of insulin production in response to a glucose challenge and, thereby, protect the mother and/or fetus from development of hyperglycemia, hyperinsulinemia, and/or immune system alterations.
Introduction
Glucose ingestion, either directly or as part of a meal, induces secretion of insulin. The release of insulin leads to a suppression of glucagon (the enzyme responsible for glucose production), gluconeogenesis (formation of glucose from lactate and amino acids), and glycogenolysis (the breakdown of glycogen to glucose)-all primarily in the liver (Aranoff et al. 2004) . By this mechanism, basal blood glucose concentrations soon return to their normal range. In diabetic patients, induction of insulin after meals is insufficient to suppress glucagon secretion. As a consequence, the liver continues to produce endogenous glucose and circulating glucose levels become markedly elevated. This results in the appearance of hyperglycemia.
Gestational diabetes mellitus (GDM) is defined as any degree of glucose intolerance that has its first onset or recognition during pregnancy (American Diabetes Association 2002) . It is believed to occur in 3-7 % of pregnancies in the USA and is associated with a range of adverse perinatal outcomes (Crowther et al. 2005) . Pregnant women in the USA are now almost always screened for GDM, most commonly by an initial 50-g glucose challenge test (GCT) provided between 24 and 28 weeks gestation (Metzger et al. 2007 ). Women ingest a liquid containing 50 g glucose and their serum glucose level is monitored 1 h later. Individuals who exhibit elevated glucose readings (≥130-140 mg/dL) then typically undergo a diagnostic 3-h 100-g oral glucose tolerance test (OGTT) or a 2-h 75-g OGTT.
The prevalence of GDM and its consequences have been shown to vary between different racial and ethnic groups. The risk for development of GDM is higher in Black women as compared to Whites or Asians (Makgoba et al. 2012) . Black women who are overweight or obese have a higher risk of developing GDM than do White, Hispanic, or Asian women of comparable body mass index (Shah et al. 2011; Kim et al. 2012) . Black women with GDM have worse perinatal outcomes than do women of other races/ethnicities (Esakoff et al. 2011) . The chance of developing diabetes after having been diagnosed with GDM is highest in Black women as compared with White women (Xiang et al. 2011) .
It has been suggested that the induction of heat shock proteins may combat insulin resistance (McCarty 2006) . Putative roles for hsp27, hsp60, and hsp72 in improving insulin signaling have been demonstrated (Chung et al. 2008; Simar et al. 2012; Marker et al. 2012) . The mechanism appears to involve prevention of activation of c-Jun amino terminal kinase, an enzyme that inhibits insulin signal transduction and glucose tolerance. In this communication, we evaluated whether there are alterations in serum hsp27, hsp60, and hsp72 concentrations in the systemic circulation following a 1-h 50-g GCT in Black women. We hypothesized that a rapid increase in glucose-induced heat shock protein levels under these conditions would support a role for these proteins in the regulation of glucose metabolism during pregnancy.
Results and discussion
Twenty-three self-identified Black women who underwent a 1-h 50-g GCT at the outpatient obstetrics clinic at Weill Cornell Medical College comprised the study population. All signed a written informed consent form and the study was approved by the Institutional Review Board at Weill Cornell Medical College. Venous blood was obtained from a peripheral vein prior to and 1 h following the glucose ingestion. Serum was collected and stored in aliquots at −80°C for subsequent testing. Paired samples were assayed for hsp27 (catalog #DYC 1580-S), hsp60 (catalog #DYC 1800-S) and hsp72 (catalog #DYC 1663-S) by commercial Enzyme-linked immunosorbent assay (ELISA) kits (R & D Systems, Minneapolis, MN, USA). Insulin levels in the paired samples were measured by a commercial ELISA kit (Alpco Diagnositics, Salem, NH, USA; catalog # 80-INSHU-E01.1.6). Values were expressed as microliter international units per milliliter. The median serum concentrations of hsp27 and hsp60 did not change following glucose ingestion. The median (range) concentrations of hsp27 preand post-glucose were 2.4 (0.8-6.7) and 3.6 (0.6-5.8)ng/ml, respectively. The median (range) concentrations of hsp60 preand post-glucose were 3.1 (<0.6-36.3) and 3.4 (<0.6-38.2) ng/ml, respectively. In marked contrast, median (range) serum levels of hsp72 increased from 2.8 (0.4-21.7)ng/ml to 5.6 (0.4-40.6)ng/ml post-glucose ingestion (p=0.0054). Results from the individual subjects are shown in Fig. 1 . Median (range) insulin concentrations increased from 6.7 (0.4-79)μIU/ml preglucose to 19.0 (1.0-103)μIU/ml following glucose ingestion.
A 1-h time period is too short for de novo protein synthesis and the selective increase in hsp72 but not the other heat shock proteins argues against a massive cell necrosis and release of intracellular hsp72 as the mechanism for this observation. The increase in serum hsp72 concentration most likely is a consequence of the release of preformed hsp72 from a storage site into the circulation. There is a precedent for this observation. Exercise in man was shown to stimulate the release of hsp72 into the hepatic vein as early as 30 min (Febbraio et al. 2002) . This strongly suggested that the hepatosplanchnic viscera (liver and spleen) were the source of the preformed hsp72 that was excreted into the bloodstream. This induced hsp72 release most likely performs unspecified maintenance functions in response to the physiological changes induced by physical exercise. A subsequent study by the same group demonstrated that hsp60 was also released into the hepatic vein during exercise and that the release of both hsp60 and hsp72 could be inhibited by simultaneous glucose ingestion (Febbraio et al. 2004) . It was hypothesized that exercise placed a metabolic stress on the liver to synthesize more glucose and this was accompanied by the release of heat shock proteins into the circulation. Simultaneous ingestion of exogenous glucose during exercise alleviated a need for the liver to synthesize glucose and so metabolic stress was reduced and heat shock Heat shock protein (ng/ml) Fig. 1 Circulating levels of hsp27, hsp60, and hsp 72 in pregnant Black women before and after a 1-h 50-g glucose challenge test. Serum was obtained prior to (pre) and 1 h following (post) ingestion of a 50-g glucose solution and tested for concentrations of hsp27, hsp60, and hsp70 by ELISA. Values were converted to nanograms per milliliter by reference to a standard curve that was generated in parallel to each assay. The lower limits of sensitivity were 31 pg/ml for hsp27, 625 pg/ ml for hsp60, and 156 pg/ml for hsp72. The values were not normally distributed and so differences were evaluated by the nonparametric Mann-Whitney test proteins were not released. Rapid exposure to a large amount of exogenous glucose to pregnant women in their midtrimester differs physiologically from providing glucose to men already engaged in physical exercise and so it is not unexpected that the release of hsp72 by the hepatosplanchnic viscera will differ in the two situations. Circulating hsp72 may be beneficial immediately following glucose ingestion in pregnant women to protect the fetus and/or mother from hyperglycemia, hyperinsulinemia, and/or immune system perturbations. Induction of GDM in rats has been shown to result in markedly elevated circulating levels of hsp72 (Saito et al. 2012 ), perhaps as a compensatory mechanism to minimize adverse consequences to the mother or fetus. Alternatively or concurrently, hp72 may also become elevated following a transient increase of endotoxin into the circulation as a consequence of glucose-induced intestinal osmotic stress (Dokladny et al. 2008) .
Several studies have demonstrated that obese or overweight Black women are at highest risk of developing GDM (Shah et al. 2011; Kim et al. 2012 ). We, therefore, evaluated the effect of body mass index (BMI, weight (in kilogram)/[height (in meter)]
2 ) on hsp72 release and insulin production after glucose ingestion in our Black subjects. Although the number of women in each BMI group is small and, therefore, our results must be viewed as hypothesis testing and not definitive, the increase in circulating hsp72 was restricted to women who were not obese. In women who were of normal weight (BMI of <25) median (range) hsp72 levels increased from 2.2 (0.4-5.5)ng/ml prior to glucose to 3.5 (1.5-14.5) after glucose (p=0.0355). Women who were overweight (BMI 25-29) had hsp72 levels that increased from 4.2 (0.5-34.7)ng/ml to 7.9 (6.8-40.6)ng/ml. This difference did not reach statistical significance (p= 0.1797). In obese women (BMI≥30) hsp72 levels were 0.5 (0.3-4.8)ng/ml prior to glucose ingestion and 0.7 (0.6-4.4) ng/ml afterwards. Individual results are shown in Fig. 2 . Postglucose hsp72 concentrations were significantly higher in women who were of normal weight (p = 0.0046) or overweight (p= 0.0012) as compared to levels in obese women. The difference in hsp72 concentrations after glucose ingestion between normal weight and overweight women did not reach statistical significance (p=0.0559).
Prior to glucose ingestion, insulin levels were positively correlated with BMI (Spearman r=0.5327, p=0.0189). This relationship was no longer present after glucose administration (r=−0.0543, p=0.8250). Preglucose insulin levels were a median (range) of 3.3 (0.4-50)μIU/ml in non-obese women as opposed to 23.9 (4.2-79)μIU/ml in obese women (p= 0.0199). Following glucose ingestion median insulin levels increased to 17.6 (0.7-79)μIU/ml in non-obese women but, in marked contrast, remained similar to preglucose levels, 22.9 (6.1-102)μIU/ml, in the obese group. Thus, obese pregnant women have elevated insulin levels at 24-28 weeks gestation but glucose ingestion does not result in further induction. Perhaps insulin production may already be at maximum levels in this group.
Concentrations of hsp72 and insulin prior to glucose ingestion were not correlated (p=0.0873). However, following glucose intake hsp72 and insulin levels in maternal sera were strongly negatively correlated (Spearman r=−0.5684, p=0.0111). Thus, it appears that hsp72 is induced in pregnancy in response to excessive glucose ingestion, perhaps as a regulatory mechanism to prevent excessive insulin release and development of hyperinsulinemia. Previous investigations have demonstrated the role of hsp72 in prevention of hyperinsulinemia and insulin resistance (Kurucz et al. 2002; McCarty 2006; Chung et al. 2008; Kavanagh et al. 2011) .
Obesity leads to a chronic inflammatory state and susceptibility to develop insulin resistance (Wellen and Hotamisligil 2005) . A failure to release hsp72 into the circulation following glucose ingestion to regulate insulin levels, as demonstrated in our study, undoubtedly elevates the risk for development of hyperglycemia. Thus, susceptibility of obese pregnant Black women to develop GDM may be due, at least in part, to their inability to mobilize hsp72 release from the liver in response to a high caloric diet and the subsequent inability to effectively regulate insulin production. The precise mechanism of hsp72 exocytosis remains to be determined. The finding of obese women with hyperinsulinemia before glucose ingestion but who did not have gestational diabetes parallels previous observations made on obese pregnant women in a city in rural Brazil (Negrato et al. 2009 ). In that study, the obese women were shown to have other biochemical abnormalities consistent with a diagnosis of the metabolic syndrome. Whether obese pregnant Black women in New York manifest evidence of the metabolic syndrome and this contributes to an increased risk for adverse pregnancy outcome in this population deserves further study.
Six of the women in the study delivered preterm at 26.9-36.4 weeks gestation and only one woman, with a BMI of Hsp72 (ng/ml) Fig. 2 Circulating levels of hsp72 in pregnant Black women before and after a 1-h 50-g glucose challenge test as a function of BMI. Serum was obtained and assayed for hsp72 as described in Fig. 1 . Subjects were classified as being of normal body weight (BMI of <25), overweight or obese (BMI of ≥30) 34.1, was subsequently diagnosed as having GDM. There was no association between postglucose hsp72 levels or magnitude of the postglucose hsp72 increase and having a preterm vs. a term delivery. Similarly, postglucose hsp72 concentrations were unrelated to GCT results (data not shown).
Limitations of the present study include the relatively small number of women evaluated, the identification of only six obese subjects, and the absence, with one exception, of women who went on to develop GDM. It must also be acknowledged that the GCT, involving the ingestion of 50 g of glucose, is by itself a stress in many women and can be followed by nausea and other symptoms. It is thus possible that hsp72 induction may be in part a response to this digestive insult. The primary value of the investigation is its unique observation of hsp72 and insulin release into the circulation 1 h after glucose ingestion by pregnant women and the apparent negative effect of obesity on these occurrences. This finding will hopefully spark additional research to validate and expand on these initial observations and eventually lead to a more comprehensive understanding of the inter-relationship between diet, insulin resistance, and heat shock protein induction in Black women. The ultimate aim is to develop novel methods of prevention of GDM in individual susceptible women and to improve perinatal outcomes.
